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Hepatitis B is a major global health issue caused by the infection of hepatitis B virus (HBV), which attacks the liver and can cause both acute and chronic diseases^[@CR1]^. It is estimated that 257 million people worldwide are HBV chronic carriers and have a high risk of developing liver disease, cirrhosis and hepatocellular carcinoma. Approximately 1 million chronic hepatitis B (CHB) patients die from these late complications each year. Conventional hepatitis B surface antigen (HBsAg) vaccination induces a protective antibody in most healthy vaccinated populations and has efficiently decreased the incidence rate of new HBV infections^[@CR2]^. However, HBsAg fails to induce an effective antibody response in either preclinical animal models or patients with CHB infection, probably due to antigen-specific immune tolerance induced by the high load of viral antigens^[@CR3]^. Therefore, an effective treatment strategy to eliminate and eradicate hepatitis B is highly desired.

Compared with HBsAg, the preS1 domain of the HBV large surface antigen has been suggested to be an ideal immunogen candidate for therapeutic vaccine development. PreS1 plays a pivotal role in HBV entry by interacting with sodium taurocholate cotransporting polypeptide (NTCP), identified as the cellular receptor for HBV^[@CR4],[@CR5]^. Monoclonal antibodies against preS1 (MA18/7 and KR127) have been demonstrated to potently inhibit HBV infection in vivo and in vitro^[@CR6],[@CR7]^. In addition, anti-preS1 can also eliminate HBV^+^ cells via antibody-dependent cell-mediated cytotoxicity and phagocytosis^[@CR8]^. Clinically, anti-preS1 is an early serum marker for HBV clearance^[@CR9],[@CR10]^. All these data suggest that anti-preS1 response might be beneficial for CHB treatment. Moreover, in CHB patients, immune tolerance to preS1, if any, appears to be much lower than that to HBsAg^[@CR3],[@CR11]^, as it only occurs in a trace amount compared with the latter in CHB patients^[@CR12],[@CR13]^, which favours antibody response induction. In fact, we recently showed that preS1 antigen vaccination, but not HBsAg, induced a neutralizing therapeutic antibody response in HBV carrier mice^[@CR11]^. Nonetheless, preS1 appears not to be an efficient antibody inducer compared with HBsAg. This is reflected under both natural infections and active vaccinations^[@CR11],[@CR14],[@CR15]^. Therefore, how to improve the immunogenicity of preS1 for enhanced therapeutic antibody response is currently a key issue for preS1-based therapeutic vaccine development.

Nanoparticles (NPs) have emerged as an important platform for vaccine development. Lymph node (LN) antigen-presenting cell (APC) targeting has been frequently considered to be a valuable feature for many NP-based vaccines^[@CR16]^. For preS1 vaccine, HBV core NPs have also been used^[@CR7],[@CR17]^. However, given the complex composition of APCs and diversified functions of different APC subsets, the specific roles of different APC subsets during NP vaccine immunization seem to be vaguely understood^[@CR18],[@CR19]^. Moreover, it has been unknown how to coordinately target them for an efficient adaptive immune response.

Ferritin self-assembling NPs have recently become widely appreciated for vaccine design^[@CR20]--[@CR24]^. However, the underlying immunological mechanism is still not fully understood. In the current study, we rationally designed a ferritin NP--preS1 vaccine. This vaccine demonstrates impressive preventive and therapeutic effects in mouse models. Mechanistically, the ferritin NPs are discovered to coordinately target distinct SIGNR1^+^ APCs for T follicular helper (Tfh) cell induction and B cell activation, leading to enhanced antibody production. Importantly, we have also uncovered a previously unrecognized mechanism: that macrophages capture NP--antigens for B cell activation in a CXCR5-dependent manner.

Ferritin NP--preS1 induces efficient antibody response {#Sec2}
======================================================

Ferritin NP--preS1 was generated taking advantage of a modified SpyTag/SpyCatcher technique^[@CR25],[@CR26]^ (Fig. [1a](#Fig1){ref-type="fig"}). SpyTag--ferritin and ΔN SpyCatcher-fused preS1 (SC--preS1) were both expressed in *Escherichia coli*. The self-assembly of SpyTag--ferritin NPs was suggested by size exclusion chromatography (Fig. [1b](#Fig1){ref-type="fig"}). SpyTag- and SpyCatcher-mediated covalent conjugation was confirmed by SDS--polyacrylamide gel electrophoresis (Fig. [1c](#Fig1){ref-type="fig"}). The ferritin NP--preS1 was further purified by size exclusion chromatography, and its slightly larger diameter was reflected by its earlier elution (Fig. [1d](#Fig1){ref-type="fig"}). The self-assembled NPs were confirmed using transmission electron microscopy (TEM) (Fig. [1e](#Fig1){ref-type="fig"}).Fig. 1Molecular design and characterization of ferritin NP vaccine.**a**, Schematic illustration of ferritin-based vaccine delivery vehicle. **b**, Size exclusion chromatography of SpyTag--ferritin NPs. The ultraviolet absorptions at 280 nm and 260 nm are shown. AU, absorbance unit. **c**, SDS--polyacrylamide gel electrophoresis analysis of the covalent ligation of SpyTag--ferritin (\~22.4 kDa) and SC--preS1 (\~25.4 kDa) at 1:0.5, 1:1 and 1:2 mole ratios at 4 °C overnight. **d**, Size exclusion chromatography of ferritin NP--preS1. **e**, TEM images and two-dimensional reconstruction of SpyTag--ferritin NP and ferritin NP--preS1. Panels **b**--**e** show representative results of at least three independent experiments. **f**, Anti-preS1 response at vaccine immunization on day 21 was analysed using enzyme-linked immunosorbent assay (ELISA) (*n* = 3 mice per group). Data are representative of five independent experiments. **g**, Kinetics of anti-preS1 levels after immunization (*n* = 3). The red arrows indicate the immunization times. **h**, Comparison of conjugated and unconjugated vaccines on anti-preS1 response. **i**, Anti-preS1 IgG avidity on vaccine immunization was detected with ELISA. Each curve represents an individual serum sample (*n* = 3) (left). The slopes of each fitting curve were calculated (right). OD, optical density. **j**, Titres of preS1-specific IgG1 and IgG2c in the sera from ferritin NP--preS1 vaccine (*n* = 8) or SC--preS1 (*n* = 14) immunized mice on day 21. **g**--**j** show representative results of three independent experiments. In **f**--**j**, data are shown as mean ± s.e.m.; statistical significance was determined using an unpaired two-tailed *t*-test. .[Source data](#MOESM3){ref-type="media"}

To assess the immunogenicity of the ferritin NP--preS1, naïve wild-type (WT) C57BL/6 mice were immunized as described in [Methods](#Sec7){ref-type="sec"}. Ferritin NP--preS1 vaccine induced a 50 times higher antibody level than soluble SC--preS1 at day 21 (Fig. [1f](#Fig1){ref-type="fig"}). The anti-preS1 level continued to increase in the ferritin NP--preS1 immunization group and reached a peak around day 60, when an approximately 150 times higher antibody level was measured compared with the SC--preS1 control vaccine group, in which the antibody level still remained low. The antibody response gradually decreased but remained detectable at day 235. Furthermore, a boost immunization elicited a much stronger antibody response in the ferritin NP--preS1 group compared with the SC--preS1 control group (approximately 600-fold) (Fig. [1g](#Fig1){ref-type="fig"}). The enhanced immunogenicity was also seen in the absence of CpG-1826 adjuvant (Supplementary Fig. [1a](#MOESM1){ref-type="media"}), suggesting an intrinsic feature of ferritin NPs, probably due to repeated antigen display and an NP carrier effect^[@CR16]^. However, in the presence of CpG, the enhancement becomes more marked, suggesting a coordination between a ferritin NP intrinsic feature and an adjuvant-induced innate response.

The markedly enhanced antibody response is not a dose-dependent effect (Supplementary Fig. [1b](#MOESM1){ref-type="media"}). The SC portion itself that was fused to preS1 has no effect on the immunogenicity of SC--preS1 (Supplementary Fig. [1c](#MOESM1){ref-type="media"}). The foreignness of the bacterial ferritin is also not responsible for the enhanced antibody response, as preS1 displayed by a mouse ferritin H chain generated a comparable antibody level to bacterial ferritin (Supplementary Fig. [1d](#MOESM1){ref-type="media"}). The efficient antibody response is also not restricted to mouse strains (Supplementary Fig. [1e](#MOESM1){ref-type="media"}). In addition, physically mixing preS1 antigens with ferritin NPs instead of covalent binding could not elicit a strong anti-preS1 response, suggesting the necessity of antigen display on the ferritin NPs (Fig. [1h](#Fig1){ref-type="fig"}). Thus, preS1 conjugated to ferritin NPs generally enhanced the immunogenicity of preS1 antigen and elicited an efficient antibody response.

Further characterization showed that anti-preS1 antibody induced by ferritin NP--preS1 vaccination has higher avidity than that induced by SC--preS1 (Fig. [1i](#Fig1){ref-type="fig"}). IgG1, and not IgG2c, was the dominant anti-preS1 isotype after ferritin NP--preS1 immunization (Fig. [1j](#Fig1){ref-type="fig"}). Regarding the safety perspective, no cross-reactive antibodies to mouse ferritin were induced after *Pyrococcus furiosus* (*Pf*) ferritin NP--preS1 immunization in mice, although anti-*Pf* ferritin was readily induced (Supplementary Fig. [1f](#MOESM1){ref-type="media"}). In addition, the serum levels of both glutamic--pyruvic transaminase and glutamic--oxaloacetic transaminase were normal (Supplementary Fig. [1g](#MOESM1){ref-type="media"}). The minimal iron content of ferritin NPs, compared with the iron storage capacity of 2,700 Fe per 24-mer for *Pf* ferritin^[@CR27]^, was unlikely to affect iron homoeostasis in vivo (Supplementary Fig. [1h](#MOESM1){ref-type="media"})^[@CR20]^. Taken together, these results demonstrate notable immunogenicity and biosafety for the ferritin-NP-based preS1 vaccine.

Protective and therapeutic effect of ferritin NP--preS1 {#Sec3}
=======================================================

To test whether preS1 antisera induced by the ferritin NP--preS1 vaccine could prevent HBV infection, vaccine-immunized mice were challenged with adeno-associated virus (AAV)--HBV1.3 two weeks after the second immunization (Fig. [2a](#Fig2){ref-type="fig"}). PreS1 antigen and HBV DNA in the sera were greatly inhibited in the ferritin NP--preS1 vaccine group compared with the control groups (Fig. [2b,c](#Fig2){ref-type="fig"}), indicating effective clearance of infectious HBV particles in vivo, probably due to rapid elimination.Fig. 2Protective immunity of ferritin NP--preS1 vaccine against HBV.**a**, Naïve WT C57BL/6 mice (*n* = 5) were subcutaneously immunized with 200 pmol ferritin NP--preS1 vaccine or equimolar SC--preS1 soluble antigen with 30 μg CpG-1826 on days 0 and 14. On day 28, mice were infected with 1 × 10^10^ viral genome equivalents (vg) AAV--HBV1.3 virus intravenously (i.v.). Blood samples were collected every week from day 35. **b**, The serum level of preS1 after AAV--HBV1.3 infection was detected using ELISA. **c**, The serum HBV DNA level on day 35 was quantified by real-time PCR. **b** and **c** show representative results of three independent experiments. **d**--**f**, HepG2-hNTCP cells were incubated with 1 × 10^7^ vg HBV in the presence of immune sera collected from ferritin NP--preS1 (*n* = 8) or SC--preS1 (*n* = 5) immunized mice or WT mice (*n* = 3). After 24 h incubation, HepG2-hNTCP cells were washed and cultured in maintenance medium for 10 d. The culture supernatant was changed and collected every 2 d. **d**,**e**, Levels of HBsAg (**d**) and HBeAg (**e**) in the supernatant were measured using ELISA. On day 10, HepG2-hNTCP cells were collected in TRIzol and RNA was extracted. **f**, HBV 3.5-kb RNA and HBV total RNA were quantified using real-time PCR. The detection limits in **b**--**f** are shown as dashed lines. **d**--**f** show representative results of two independent experiments. In **b--f**, data are shown as mean ± s.e.m.; statistical significance was determined using an unpaired two-tailed *t*-test.[Source data](#MOESM4){ref-type="media"}

To evaluate the neutralizing capability of the antisera, HepG2-hNTCP cells were infected with HBV in the presence of sera from different immunization groups as described previously^[@CR28]^. The levels of HBsAg and HBeAg in cell culture media were significantly inhibited by the sera from ferritin NP--preS1-immunized mice, in stark contrast with the preS1-immunization group (Fig. [2d,e](#Fig2){ref-type="fig"}). To more accurately measure HBV infection inhibition, the levels of HBV 3.5-kb RNA and HBV total RNA, indicating HBV viral replication in HepG2-hNTCP cells, were also determined, and significant inhibition by the sera of the ferritin NP--preS1 group but not the control groups was found (Fig. [2f](#Fig2){ref-type="fig"}). These results confirm that the antisera to preS1 elicited by the ferritin NP--preS1 vaccine can effectively prevent HBV infection of hepatocytes in vitro. Thus, both in vivo and in vitro results suggest that the ferritin NP--preS1 vaccine is an effective HBV prophylactic vaccine.

To determine the therapeutic effect of the ferritin NP--preS1 vaccine, HBV carrier mice were established^[@CR11]^, and immunized with equimolar ferritin NP--preS1 vaccine or SC--preS1 four times every two weeks (Fig. [3a](#Fig3){ref-type="fig"}). There is no detectable anti-preS1 response in the established HBV carrier mice, consistent with the clinical observation^[@CR29],[@CR30]^. However, after the second boost on day 63, the ferritin NP--preS1 vaccine induced a significant amount of anti-preS1, which was barely detectable in the SC--preS1 group (Fig. [3b](#Fig3){ref-type="fig"}). Meanwhile, preS1 antigen and HBsAg in the sera declined significantly with the induction of anti-preS1 (Fig. [3c,d](#Fig3){ref-type="fig"}). On day 147, about 10 weeks after the last immunization, serum HBV DNA was also significantly reduced in the ferritin NP--preS1 group but not in the control groups (Fig. [3e](#Fig3){ref-type="fig"}). Moreover, in four out of seven mice in the ferritin NP--preS1 group, serum HBV DNA dropped to undetectable levels, also showing barely detectable HBsAg and significant amounts of anti-HBs (Fig. [3e](#Fig3){ref-type="fig"}), suggesting potential for a functional cure. In addition, the HBV core antigen as detected by immunological histological chemistry staining (Fig. [3f](#Fig3){ref-type="fig"}) and covalently closed circular DNA (cccDNA) as detected by quantitative real-time PCR (Fig. [3g](#Fig3){ref-type="fig"}) were also significantly diminished in the liver of the ferritin NP--preS1 group. The clearance of HBV core antigen in the liver was not accompanied by liver injury (Fig. [3h](#Fig3){ref-type="fig"}). Thus, ferritin--preS1 NPs plus CpG functioned as an effective and non-pathogenic therapeutic vaccine in the mouse model of protracted HBV infection.Fig. 3Ferritin NP--preS1 as therapeutic vaccine.**a**, C57BL/6 mice were inoculated with 1 × 10^10^ vg AAV--HBV1.3 virus intravenously. After 5 weeks, stable HBV carrier mice were vaccinated with 500 pmol ferritin NP--preS1 vaccine (*n* = 7) or equimolar SC--preS1 soluble antigen (*n* = 6) with 30 μg CpG-1826 adjuvant four times every 2 weeks. Sera were collected every 2 weeks. **b**--**d**, Serum levels of anti-preS1 (**b**), preS1 antigen (**c**) and HBsAg (**d**) were determined using ELISA. There is no difference between PBS (*n* = 6) and SC--preS1, and the *P* values shown in the figure are statistical significances between PBS and ferritin NP--preS1. IU, international units. **e**, Serum levels of HBV DNA, HBsAg and anti-HBs on day 147. Green dots represent the same mice across the three panels with undetectable HBV DNA. **f**, Immunological histological chemistry staining for hepatitis B core antigen (HBcAg) in hepatocytes on day 147. Positive cells were counted using ImageJ software in each section field (*n* = 7 from three mice). **g**, HBV cccDNA in the liver quantified using real-time PCR on day 147. **h**, Glutamic--pyruvic transaminase (ALT) and glutamic--oxaloacetic transaminase (AST) measured for the sera collected on day 147. **b--h** show representative results of four independent experiments. Data are shown as mean ± s.e.m.; statistical significance was determined using an unpaired two-tailed *t*-test.[Source data](#MOESM5){ref-type="media"}

Interferon-γ (IFN-γ) is an important activator for antibody-dependent cell-mediated cytotoxicity and phagocytosis^[@CR31]^, which have been suggested to mediate anti-preS1 for therapeutic effect^[@CR8]^. On ferritin NP--preS1 vaccination, significant numbers of preS1-specific IFN-γ-producing T cells were detected using enzyme-linked immune absorbent spot (ELISpot) assay in LNs, spleens and liver tissues (Supplementary Fig. [2a](#MOESM1){ref-type="media"}). Furthermore, IFN-γ blockade with a blocking antibody (XMG1.2) almost completely abolished the therapeutic effect on HBV core antigen clearance (Supplementary Fig. [2b,c](#MOESM1){ref-type="media"}). These data suggest that the Th1 response induced by ferritin NP--preS1 vaccine might play an important role in achieving therapeutic efficacy: enhancing IFN-γ response may synergize with ferritin NP--preS1 vaccine.

Ferritin NP vaccine targets distinct APCs {#Sec4}
=========================================

To understand how the ferritin NP vaccine is recognized and processed by the host immune system, fluorescein-labelled ferritin NPs were generated to trace their path. On subcutaneous injection, ferritin NP--eGFP (enhanced green fluorescent protein) was abundantly located in the medullary regions and also but to a lesser extent in the interfollicular region (Fig. [4a](#Fig4){ref-type="fig"}). Interestingly, ferritin NP--eGFP was highly colocalized with cells with SIGNR1 expression. SIGNR1 mediates the recognition of several virus particles^[@CR32],[@CR33]^. This finding prompted us to hypothesize that ferritin NP--eGFP was actively captured by SIGNR1^+^ cells during their passive transportation and retained in LNs. To further confirm this and examine the ferritin NP cell-targeting property in more detail, ferritin NP capture by phagocytic cells was determined by flow cytometry. Supportively, SIGNR1^+^ resident dendritic cells (rDCs) and migratory DCs (miDCs) (Supplementary Fig. [3a](#MOESM1){ref-type="media"}) showed significantly higher GFP immunofluorescence intensity than their SIGNR1^−^ counterparts, indicating the preferential capture of ferritin NPs by SIGNR1^+^ DCs (Fig. [4b](#Fig4){ref-type="fig"}). Similarly, in non-DC cells, the SIGNR1^+^ population, which was mostly CD169^+^ macrophages, also showed preferential capture of ferritin NPs (Fig. [4c](#Fig4){ref-type="fig"}). As control, the soluble eGFP was almost undetectable in either SIGNR1^+^ or SIGNR1^−^ subsets. Similar results were found when fluorescein isothiocyanate (FITC) was used to label ferritin NP--preS1 or SC--preS1 (Supplementary Fig. [3b--d](#MOESM1){ref-type="media"}). The CpG-1826 adjuvant had no influence on these captures (Supplementary Fig. [4](#MOESM1){ref-type="media"}). Therefore, ferritin NPs appear to be predominantly captured by both SIGNR1^+^ DCs and SIGNR1^+^ macrophages in the draining LNs (dLNs).Fig. 4Ferritin NP vaccine targets distinct APCs.**a**, C57BL/6 mice were subcutaneously injected with 2 nmol ferritin NP--eGFP. 4 h after injection, cryosections of inguinal LNs (iLNs) were obtained. The section was stained with anti-GFP, anti-SIGNR1, anti-B220 and 4,6-diamidino-2-phenylindole (DAPI). Three representative areas of interfollicular region and medulla are shown in magnification. Representative results of four independent experiments. **b**,**c**, C57BL/6 mice were subcutaneously injected with 2 nmol ferritin NP--eGFP (*n* = 4) or equimolar eGFP--SpyTag (*n* = 4). 4 h after injection, iLNs were digested into single cells and the capture of ferritin NP--eGFP or eGFP--SpyTag by the indicated DCs (**b**) or non-DCs (**c**) was presented and statistically analysed. Numbers adjacent to the outlined areas indicate the percentage of each gate. Representative results of three independent experiments. Data are shown as mean ± s.e.m.; statistical significance was determined using an unpaired two-tailed *t*-test. SSC-A, side scatter area. **d**, 10 d after CLL or control liposome (CON) f.p. injection, the capture of ferritin NP--eGFP by DCs or CD11c^−^CD11b^+^ macrophages was analysed. **e**, 10 d after CLL or CON treatment, ferritin NP--eGFP accumulation in pLNs 2 h after f,p. injection was determined by immunofluorescence microscopy. **d** and **e** show representative results of three independent experiments.[Source data](#MOESM6){ref-type="media"}

To further evaluate the role of SIGNR1^+^ cells in ferritin NP--eGFP capture, clodronate liposome (CLL) was injected into the footpads (f.p.) to eliminate APCs from popliteal LNs (pLNs)^[@CR34]^. Both SIGNR1^+^ DCs and SIGNR1^+^ macrophages were efficiently depleted (Supplementary Fig. [3e](#MOESM1){ref-type="media"}). The capture of ferritin NP--eGFP was almost completely lost after CLL treatment (Fig. [4d,e](#Fig4){ref-type="fig"}), suggesting an essential role of SIGNR1^+^ cells in ferritin NP retention. This preferential capture by SIGNR1^+^ APCs is not only because of their location-determined accessibility to injected ferritin NPs. In fact, in vitro coculture of digested single-cell suspensions from LNs with ferritin NPs demonstrated similar preferential capture by SIGNR1^+^ APCs (Supplementary Fig. [5](#MOESM1){ref-type="media"}), suggesting an intrinsic feature of ferritin NPs or SIGNR1^+^ APCs.

Although SIGNR1 expression is highly positively correlated with ferritin NP capture, it does not seem to be essential, at least on its own, for ferritin NP capture, as shown in the data obtained from *Signr1*-deficient mice (Supplementary Fig. [6](#MOESM1){ref-type="media"}). Given the presence of several other orthologues of SIGNR1 in mouse^[@CR35],[@CR36]^, the exact function of SIGNR1 and this gene family in ferritin NP capture remains to be determined in the future.

To further determine whether this preferential targeting is transferable to the human situation, we have tested its capture using digested single cells from human LNs. The human homologue of murine SIGNR1 is DC-SIGN (CD209), not only in terms of genomic structure, but also for cell distribution and function in LNs^[@CR37],[@CR38]^. Flow cytometric analysis showed that ferritin NPs were indeed preferentially captured by DC-SIGN^+^ macrophages compared with DC-SIGN^−^ macrophages (Supplementary Fig. [7a](#MOESM1){ref-type="media"}), probably supporting the feasibility of clinical translation.

Coordination of SIGNR1^+^ DCs and macrophages {#Sec5}
=============================================

Germinal centre (GC) formation is essential for a strong antibody response, and the affinity selection of GC B cells is dependent on CD4^+^ Tfh cells^[@CR39]^. Employing the well established OVA-OT-II antigen-specific CD4^+^ T cell system, we found that ferritin NP--OT-II induced about eight times as many CXCR5^+^PD1^+^ and PD1^+^GL7^+^ Tfh cells compared with control SC--OT-II 6 d after immunization (Fig. [5a](#Fig5){ref-type="fig"}). Furthermore, about 11 times more GC B (FAS^+^GL7^+^) cells were detected in the ferritin NP--preS1 vaccine group compared with the SC--preS1 control group (Fig. [5b](#Fig5){ref-type="fig"}). Histological analysis revealed that GC numbers in ferritin NP--preS1-immunized dLNs were also significantly higher than those in the SC--preS1 group (Fig. [5c](#Fig5){ref-type="fig"}). Therefore, ferritin NP vaccine is an efficient antigen-delivery platform to enhance Tfh and GC B responses.Fig. 5Ferritin NP vaccine induces efficient Tfh and GC responses.**a**, Naïve WT Thy1.2 C57BL/6 mice (*n* = 3) were adoptively transferred with 1 × 10^7^ Thy1.1^+^ OT-II splenocytes and immunized. On day 6, CD4^+^Thy1.1^+^TCR Vα2^+^ OT-II Tfh cells from LNs were analysed by flow cytometry (TCR, T-cell antigen receptor). The percentage and quantification of OT-II Tfh cells are shown. **b**, On day 63 of immunization (peak anti-preS1 response), GC B cells from iLNs were analysed by flow cytometry. **a** and **b** show representative results of three independent experiments. **c**, Cryosections of iLNs were stained with anti-B220, anti-GL7 and DAPI. The number of GCs was counted. Data were pooled from *n* = 30 slide sections from 10 mice in three independent experiments. **d**,**e**, 12 h after immunization, rDCs (CD103^−^), miDCs (CD103^+^), CD169^+^ macrophages (CD11c^−^CD11b^+^CD169^+^) and F4/80^+^ macrophages (CD11c^−^CD11b^+^CD169^−^F4/80^+^) were sorted from dLNs, and then incubated with naïve OT-II T cells (*n* = 3 culture wells). OT-II T cell activation (**d**) and carboxyfluorescein succinimidyl ester (CFSE)-labelled OT-II T cell proliferation (**e**) were determined by flow cytometry at 24 h and 72 h, respectively. Representative results of five independent experiments. iono, ionomycin. **f**, Flow cytometry analysis confirmed DC depletion in iLNs of CD11c-DTR bone marrow chimaeric mice treated with DT. Data show representative results of three independent experiments. **g**, PreS1-specific IgM and IgG responses were detected in CD11c-depleted mice on day 10 at immunization (*n* = 4). Data are representative of three independent experiments. In **a--e** and **g**, data are shown as mean ± s.e.m.; statistical significance was determined using an unpaired two-tailed *t*-test.[Source data](#MOESM7){ref-type="media"}

All rDCs, miDCs and SIGNR1^+^ (CD169^+^) macrophages efficiently capture ferritin NPs on immunization. To study which cells induce T cell activation, dLNs were collected 12 h after ferritin NP--OT-II vaccine immunization. Four populations of APCs were sorted according to the gating strategy (Supplementary Fig. [8](#MOESM1){ref-type="media"}) and cocultured with OT-II T cells. Macrophages did not induce a detectable level of OT-II T cell activation or proliferation (Fig. [5d,e](#Fig5){ref-type="fig"}). Interestingly, rDCs induced a significantly higher degree of T cell activation and proliferation than miDCs (Fig. [5d,e](#Fig5){ref-type="fig"}). Therefore, rDCs appear to play a major role in Tfh generation compared with miDCs.

For particulate antigen immunization, DCs can carry antigens to interfollicles for B cell activation^[@CR32]^. To directly determine the role of DCs in B cell activation in the current scenario, rDCs and miDCs were depleted in CD11c--DTR (diphtheria toxin receptor) bone marrow chimaeric mice with diphtheria toxin (DT), with PBS-treated mice as controls (Fig. [5f](#Fig5){ref-type="fig"}). DC depletion resulted in a lower titre of IgG response, indicating that DCs played an essential role in T-cell-dependent antibody response (Fig. [5g](#Fig5){ref-type="fig"}). However, IgM antibodies, produced by early-activated B cells largely in a T-cell-independent manner^[@CR32]^, were not affected (Fig. [5g](#Fig5){ref-type="fig"}). Thus, while DCs play a major role in T cell activation, they are dispensable for early B cell activation during ferritin NP vaccine immunization.

In addition to DCs, SIGNR1^+^ macrophages captured ferritin NP efficiently (Fig. [4c](#Fig4){ref-type="fig"}). SIGNR1^+^ macrophages showed markedly reduced transcript abundance for lysosome-associated membrane proteins-1/2, lysozyme and lysosomal proteases compared with SIGNR1^−^F4/80^+^ (abbreviated as F4/80^+^) macrophages (Supplementary Fig. [9a](#MOESM1){ref-type="media"}), indicating their poor degradation ability and potential role as antigen retainers for B cell activation. To directly test this, four subsets of APCs (miDCs, rDCs, SIGNR1^+^ macrophages and F4/80^+^ macrophages) were isolated as shown in Supplementary Fig. [8](#MOESM1){ref-type="media"} from dLNs 3 d after ferritin NP--HEL (hen egg lysozyme) immunization and were incubated with MD4 B cells in vitro for 24 h. Except for SIGNR1^+^ macrophages, no other populations activated MD4 B cells as demonstrated by the upregulation of CD69 and CD86 (Fig. [6a](#Fig6){ref-type="fig"}), indicating a durable retention of antigen by SIGNR1^+^ macrophages. In vivo, a CSF1R-blocking antibody-mediated SIGNR1^+^ macrophage depletion (Supplementary Fig. [9b](#MOESM1){ref-type="media"})^[@CR33]^ resulted in significantly reduced anti-preS1 IgM and IgG 10 d after the first immunization (Fig. [6b](#Fig6){ref-type="fig"}). On day 21, significantly lower levels of anti-preS1 IgG and fewer preS1-specific IgG antibody-secreting cells (ASCs) were also observed in anti-CSF1R-treated mice (Fig. [6c,d](#Fig6){ref-type="fig"}). Thus, SIGNR1^+^ macrophages play a vital role in early B cell activation and IgG response.Fig. 6SIGNR1^+^ macrophages are required for B cell activation and antibody production.**a**, On day 3 at f.p. immunization in WT mice, rDCs, miDCs, SIGNR1^+^ macrophages and F4/80^+^ macrophages were sorted from pLNs and incubated with MD4 B cells (*n* = 3 culture wells). Activation of MD4 B cells was detected 24 h later. Data are representative results of four independent experiments. **b**--**d**, WT mice (*n* = 5) were treated with PBS or anti-CSF1R before ferritin NP--preS1 vaccine immunization. **b**, On day 10, preS1-specific IgM and IgG were detected; **c**,**d**, on day 21, preS1-specific IgG (**c**) and ASCs (**d**) were detected. **b--d** show representative results of two independent experiments. **e**, Distribution of SIGNR1^+^ cells in iLNs of WT and *Cxcr5*^−/−^ mice on day 3 at immunization. A representative B cell follicular region is shown in magnification (top right). Data show representative results of four independent experiments. **f**, Microscopy of WT SIGNR1^+^ cell (CD45.1) or *Cxcr5*^*−/−*^ SIGNR1^+^ cell (CD45.2) distribution in iLNs 5 d after CpG-1826 immunization in WT:*Cxcr5*^*−/−*^ mixed bone marrow chimaeric mice. The area of total SIGNR1^+^ cells (red), WT SIGNR1^+^ cells (yellow) or *Cxcr5*^*−/−*^ SIGNR1^+^cells (white) within follicles (yellow dashed line) was analysed using ImageJ software. Data were pooled from *n* = 18 follicles from six mice in three independent experiments. Each symbol represents an individual follicle. **g**, SIGNR1^+^ macrophages were sorted from the spleen of vaccinated WT or *Cxcr5*^−/−^ mice, injected f.p. in naive CD45.1 mice, who had received MD4 B cells (CD45.2) the day before. 1 d later, the percentage and activation of CD45.2 MD4 B cells were analysed. Data show representative results of three independent experiments. PerCP, peridinin-chlorophyll-protein; PE, phycoerythrin. In **a**--**d** and **f**, data are shown as mean ± s.e.m.; statistical significance was determined with an unpaired two-tailed *t*-test. In **g**, the data were analysed using a paired two-tailed *t*-test.[Source data](#MOESM8){ref-type="media"}

SIGNR1^+^ macrophages are mainly distributed in medulla and interfollicular regions in LNs. We wondered how they can transfer antigen for B cell activation. On CpG immunization, a cluster of SIGNR1^+^ cells emerged in the follicular regions of dLNs (Fig. [6e](#Fig6){ref-type="fig"}, top panel), which express CD169 rather than CD11c, indicating their macrophage identity (Supplementary Fig. [10a](#MOESM1){ref-type="media"}). This suggested that SIGNR1^+^ macrophages might directly carry antigens to follicles for B cell activation. To understand how this migration is regulated, we examined the CXCL13--CXCR5 axis, given the abundant expression of CXCL13 in B cell follicles and its important role for follicular migration^[@CR40]^. In *Cxcr5*^*−/−*^ mice, no SIGNR1^+^ cells could be found in B cell follicles on immunization, in stark contrast to WT mice (Fig. [6e](#Fig6){ref-type="fig"}, bottom panel). In supporting these data, flow cytometric analysis showed that SIGNR1^+^ macrophages, but not SIGNR1^−^ macrophages or SIGNR1^+^ DCs, significantly upregulated CXCR5 on immunization (Supplementary Fig. [10b](#MOESM1){ref-type="media"}). The upregulation of CXCR5 appears to be a direct effect of CpG and unique to macrophages, as CpG alone induces CXCR5 expression on isolated primary SIGNR1^+^ macrophages but not DCs under in vitro culture (Supplementary Fig. [10c](#MOESM1){ref-type="media"}). Given the aberrant LN organization in *Cxcr5*^*−/−*^ mice, WT:*Cxcr5*^*−/−*^ mixed bone marrow chimaeric mice were generated and confirmed the macrophage cell intrinsic role of CXCR5 on their migration to B cell follicles (Fig. [6f](#Fig6){ref-type="fig"}).

To further evaluate the role of CXCR5 and follicular migration of SIGNR1^+^macrophages in B cell activation, we injected ferritin NP--HEL-carrying WT or *Cxcr5*^−/−^ SIGNR1^+^ macrophages into the f.p. of naive CD45.1 mice, who had received MD4 B cells (CD45.2) the day before. 24 h later, MD4 B cell activation was determined by flow cytometry. The result showed that, while ferritin NP--HEL-carrying WT SIGNR1^+^ macrophages activated MD4 B cells significantly, *Cxcr5*^−/−^ SIGNR1^+^ macrophages were unable to do so (Fig. [6g](#Fig6){ref-type="fig"}). Thus, these data together suggest a previously unrecognized mechanism for B cell activation via CXCR5-dependent SIGNR1^+^ macrophage follicular migration and antigen transportation.

Conclusions {#Sec6}
===========

CHB therapy has different levels of goals: complete sterilizing cure, functional cure and partial cure^[@CR41],[@CR42]^. So far, although complete cccDNA elimination still appears a great challenge, functional cure, which is defined as sustained, undetectable serum HBsAg and HBV DNA with or without seroconversion to anti‐HBs after a finite course of therapy, but with the persistence of residual cccDNA, is more realistic. In our study, we have found significantly reduced serum HBsAg and HBV DNA after four vaccinations of ferritin NP--preS1. Furthermore, some mice in the ferritin NP--preS1 group showed undetectable HBsAg and HBV DNA in the sera, and more impressively these mice also showed significant amounts of anti-HBs. These data indicate that ferritin NP--preS1 vaccine may be a good candidate to achieve a functional cure. Moreover, encouragingly, ferritin NP--preS1 vaccine also significantly reduced HBV cccDNA in the liver. Thus, our study might provide a new strategy toward eliminating cccDNA that could be worthy of future evaluation when used either alone or in combination^[@CR43]^.

Ferritin is a unique NP vector that recently drew a lot of attention and showed an impressive antibody-enhancing effect for several other important viral antigens^[@CR20]--[@CR24]^. However, the underlying immunological mechanism is still poorly understood, which might limit its further improvement. In the current study, we have revealed that ferritin NPs are primarily captured by SIGNR1^+^ cells at the lymphatic zone of the dLNs, where both resident DCs and macrophages are enriched^[@CR19],[@CR44],[@CR45]^. The ferritin-capturing DCs and macrophages play different roles in antibody response. Resident DCs appear to be the most important APCs for Tfh induction, which is also supported by the recent finding that lymphatic-sinus-associated resident DCs are strategically localized to induce rapid T cell response on particulate antigen immunization^[@CR45]^.

The role of LN macrophages in antibody response has been an intriguing question. In the previous studies^[@CR34],[@CR46],[@CR47]^, subcapsular sinus macrophages were considered immotile and the particulate antigen was speculated to be transferred to B cells via transcytosis or cytoplasmic membrane movement from the subcapsular sinus side to the other side facing the B cell follicles^[@CR19],[@CR46],[@CR48]^. In our study, we found that SIGNR1^+^ macrophages, but not other macrophages or DCs, can upregulate CXCR5 on immunization and migrate to the follicular regions. When CXCR5 is lacking, antigen-loaded macrophages fail to activate B cells, which might suggest a previously unrecognized means of particulate antigen transfer by migrating SIGNR1^+^ macrophages. Whether CXCR5 deficiency could impair other functions of macrophages, resulting in impaired B cell activation, remains to be studied in future. It should be noted that the upregulation of CXCR5 on macrophages is dependent on CpG instead of ferritin NPs themelves. How CpG stimulation upregulates macrophage CXCR5 expression is still unknown. Whether other adjuvants have similar effects also remains to be systemically investigated. Nonetheless, ferritin NPs seem to be able to employ this machinery for enhanced antibody response.

In summary, data presented here demonstrated that a ferritin-NP-based preS1 vaccine manifests an efficient antibody response that is both preventive and therapeutic in a mouse HBV model via coordinately dual-targeting SIGNR1^+^ resident DCs and macrophages in the LNs. This study might provide a good candidate and offer new insights for future translational study on CHB treatment.

Methods {#Sec7}
=======

Mice {#Sec8}
----

Naïve WT C57BL/6 mice and BALB/c mice were obtained from Vital River. CD11c-DTR mice and OT-II TCR transgenic mice were purchased from The Jackson Laboratory. *Signr1*^*−/−*^ mice were generated by Cyagen. MD4 transgenic mice were provided by B. Hou (Chinese Academy of Science Key Laboratory for Infection and Immunity, Institute of Biophysics, Chinese Academy of Sciences, Beijing, China). *Cxcr5*^−/−^ mice were kindly provided by H. Qi (Institute for Immunology, School of Medicine, Tsinghua University, Beijing, China). All mice were housed under specific pathogen-free conditions in the animal care facilities at the Institute of Biophysics, Chinese Academy of Sciences. All animal experiments were performed in accordance with the guidelines of the Institute of Biophysics, Chinese Academy of Sciences, using protocols approved by the institutional laboratory animal care and use committee.

Human sample {#Sec9}
------------

Human fresh distal mesenteric LNs from neuroblastoma patients 2.5--14 years old were derived from the patients who underwent surgery at the Department of Paediatric Surgical Oncology, Children's Hospital of Chongqing Medical University. The study was performed in accordance with the committee guidelines and regulations. Informed consent was obtained from all patients.

Cloning, expression and purification of fusion proteins {#Sec10}
-------------------------------------------------------

The gene coding for *Pf* ferritin (residues 5--174) was synthesized by GENEWIZ using *E. coli* preferred codons. SpyTag spaced with three G4S linkers was fused to the amino-terminus of *Pf* ferritin during PCR. The SpyTag--*Pf* ferritin gene was cloned into the pDEST14 prokaryotic expression plasmid using the NdeI and SacI sites. The SpyTag--mouse ferritin gene was cloned into pDEST14 in the same manner. For the cloning of ΔN SC--preS1, SC--eGFP, SC--OT-II and SC--HEL, the PCR product of SC--(G~4~S)~3~ was cloned into pDEST14 using the NdeI and EcoRI sites and the antigen gene was cloned using the EcoRI and SacI sites. For the cloning of preS1 without SC, preS1 was cloned into pDEST14 using the NdeI and SacI sites. The preS1 sequence consisting of the first 108 amino acids (ayw) of HBV large surface protein was synthesized by PCR from complementary DNA extracted from livers of mice infected with AAV--HBV1.3 (genotype D3, subtype ayw3). The pDEST14-SC-*Pf* ferritin clone was obtained in the same manner.

For SpyTag--*Pf* ferritin NP expression and purification, BL21 (DE3) competent *E. coli* cells were transformed with pDEST14--SpyTag--(G~4~S)~3~--*Pf* ferritin plasmid, and a single colony was picked and cultured in 5 ml lysogeny broth at 37 °C overnight. The cultures were then amplified in 400 ml lysogeny broth and induced by 0.3 mM isopropylthiogalactoside for 6 h. The bacterial cultures were harvested and lysed in Tris buffer (20 mM Tris, 50 mM NaCl, pH 7.5). The lysate supernatants were diluted to 1 mg ml^−1^ and heated to 70 °C for 15 min to precipitate most of the *E. coli* proteins. After centrifugation and concentration, the supernatants were loaded onto a Superose 6 Increase (GE Healthcare) size exclusion column that was pre-equilibrated with 20 mM Tris 50 mM NaCl buffer (pH 7.5) and eluted with the same buffer at a rate of 0.5 ml min^−1^. The total volume of the column (*V*~t~) was 24 ml, the outer volume of the separation medium (*V*~o~) was 8 ml and the elution volume (*V*~e~) of SpyTag--ferritin NP was 15 ml. The expression and purification of SpyTag--mouse ferritin NPs and SC--*Pf* ferritin NPs were the same as for SpyTag--*Pf* ferritin NPs. The expression of SC--preS1 was the same as for SpyTag--*Pf* ferritin NPs. For SC--preS1 purification, the lysate supernatants were purified using a Ni--NTA agarose column (ComWin Biotech) according to the manufacturer's protocol. SC--eGFP, SC--OT-II, SC--HEL and preS1 without SC were expressed and purified in the same manner as SC--preS1. Endotoxin was removed from all of the proteins with a ToxinEraser endotoxin removal kit (GenScript). The amount of endotoxin is less than 0.1 EU ml^−1^.

Generation and purification of ferritin-NP-based vaccine {#Sec11}
--------------------------------------------------------

The purified SC--preS1 was conjugated to SpyTag--ferritin NP in vitro to construct the ferritin NP--preS1 vaccine. To assay reconstitution, SpyTag--ferritin NP was reacted with SC--preS1 at molar ratios of 1:0.5, 1:1 and 1:2 at 4 °C overnight. SDS--PAGE was used to evaluate the reconstitution efficiency. For vaccine generation, SpyTag--ferritin NP was mixed with SC--preS1 at a molar ratio of 1:1.5 at 4 °C overnight. The conjugated ferritin NP--preS1 was then purified using a Superose 6 Increase size exclusion column to remove the unbound SC--preS1. Ferritin NP--preS1 was eluted in 11.5 ml (*V*~t~ = 24 ml, *V*~o~ = 8 ml). The generation and purification of mouse ferritin NP--preS1, ferritin NP--eGFP, ferritin NP--OT-II and ferritin NP--HEL were performed in the same manner. To abrogate reconstitution in the specific assay, SC--ferritin NP and SC--preS1 were mixed physically to avoid their interaction. In addition, when the pH of the reaction buffer reached 11.5, the combination between SC and SpyTag was almost lost. Endotoxin was removed from the vaccine proteins with the ToxinEraser endotoxin removal kit before immunization. The amount of endotoxin is less than 0.1 EU ml^−1^.

Negative-stain electron microscopy {#Sec12}
----------------------------------

Grids of ferritin NPs for negative-stain electron microscopy were prepared as described previously^[@CR49]^. Briefly, 4 μl samples (0.15 mg ml^−1^) were applied to glow-discharge electron microscopy grids covered by a thin layer of continuous carbon film and stained with 2% (w/v) uranyl acetate. Negatively stained grids were imaged on a Talos L120C microscope (Thermo Fisher) operating at 120 kV. Images were recorded at a magnification of ×12,000 and a defocus set to −2 μm, using a 4k × 4k CCD (charge-coupled device) camera. The particles were manually picked and two-dimensional classification was performed with EMAN2.

Immunization {#Sec13}
------------

Female naïve WT C57BL/6 mice or BALB/c mice (8--9 weeks old) were subcutaneously immunized with 500 pmol (approximately 23.9 μg, as determined by single ferritin--preS1 subunit) ferritin NP--preS1 vaccine or 500 pmol (approximately 12.7 μg) SC--preS1 with 30 μg CpG-1826 (Generay), respectively, at the tail base at day 0 and day 14. For the memory response assay, another boost immunization was performed at day 270. For high-dose immunization, 4 nmol (approximately 191.3 μg) ferritin NP--preS1 vaccine or 4 nmol (approximately 101.8 μg) SC--preS1 with 30 μg CpG-1826 was used. For the HBV prevention assay in vivo, 200 pmol (approximately 9.6 μg) ferritin NP--preS1 vaccine or 200 pmol (approximately 5.1 μg) SC--preS1 with 30 μg CpG-1826, respectively, was administered. For the therapy assay in vivo, 500 pmol (approximately 23.9 μg) ferritin NP--preS1 vaccine or 500 pmol (approximately 12.7 μg) SC--preS1 with 30 μg CpG-1826 was administered four times on days 35, 49, 63 and 77. Mouse ferritin NP--preS1 vaccine and other soluble proteins were immunized with the indicated dose in the same manner. IFN-γ blockade was performed using an intraperitoneal injection of 200 μg anti-IFN-γ (XMG1.2, BioXcell) at indicated times.

ELISA {#Sec14}
-----

For the preS1-specific ELISA, 5 μg ml^−1^ preS1 protein produced in our laboratory was coated onto 96-well high-binding Costar assay plates (Corning) at 4 °C overnight. After blocking with a blocking buffer (PBS containing 5% fetal bovine serum, FBS), serum samples with different dilutions (1:10--1:10000) were added to the plates. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (H + L) (1:5,000, ZSGB-BIO), goat anti-mouse IgG1 (1:5,000, ProteinTech), goat anti-mouse IgG2c (1:5,000, ProteinTech) and goat anti-mouse IgM (1:5,000, ProteinTech) were used to detect each isotype. The concentration of specific antibodies was measured using TMB substrate (SeraCare) and the absorbance at 450 nm--630 nm was detected using a microplate reader (Molecular Devices). The absolute concentration of anti-preS1 IgG in serum is calibrated using a mouse monoclonal anti-Hep B preS1 (KR127, Santa Cruz) standard. For the detection of anti-preS1 avidity, mouse sera were serially diluted on the basis of IgG concentration and drawn on the *x* axis, and anti-preS1 levels of diluted sera were measured and drawn on the *y* axis simultaneously. The slope of the fitting curve was calculated to reflect the avidity of the antisera. For the detection of mouse ferritin- or *Pf* ferritin-specific antibody, plates were coated with 5 μg ml^−1^ mouse ferritin or *Pf* ferritin protein produced in our laboratory, and goat anti-mouse IgG (H + L)--HRP antibodies were used as detection antibodies. For the ELISA to test preS1 antigen located on HBsAg or HBV particles, plates were coated with 5 μg ml^−1^ anti-preS1 monoclonal antibody XY007 (provided by Y.-X. Fu), and the detection antibody was anti-HBs--HRP (Shanghai Kehua Bio-engineering). For HBsAg, HBeAg and anti-HBs testing, commercial ELISA kits were used (Shanghai Kehua Bio-engineering).

ELISpot {#Sec15}
-------

For IgG ASC detection, 10 μg ml^−1^ preS1 protein was coated onto 96-well ELISpot plates (Merck Millipore) at 4 °C overnight. After blocking with a blocking buffer (RPMI 1640 medium containing 10% FBS), 1 × 10^6^ lymphocytes from LNs in 100 μl complete RPMI 1640 medium were added to the plates. After a 5--6 h incubation at 37 °C, preS1-specific IgG ASCs were analysed using a biotinylated donkey anti-mouse IgG (CWbio) and streptavidin--HRP (BD Biosciences). The spots were visualized with an AEC substrate set (BD Biosciences) and quantified with an autoanalysis system. For IFN-γ-secreting cell detection, 5 × 10^5^ lymphocytes isolated from LNs, spleen and livers were incubated for 48 h at 37 °C in complete RPMI 1640 medium containing 5 μg ml^−1^ full preS1 protein or control protein in an IFN-γ ELISpot plate (Merck Millipore).

AAV--HBV1.3 infection {#Sec16}
---------------------

The AAV--HBV1.3 virus was purchased from the Beijing FivePlus Molecular Medicine Institute. This recombinant virus carries 1.3 copies of the HBV genome (genotype D3, subtype ayw3) and is packaged in AAV serotype 8 capsids^[@CR15]^. Male adult C57BL/6 mice were injected with 1 × 10^10^ vg recombinant virus in 100 μl saline by tail vein injection. For the therapeutic assay, stable HBV carrier mice were used for vaccination after 5 weeks. Mice were bled through the ophthalmic vein at the indicated times in the respective experiments to monitor preS1 antibody, HBsAg, preS1 antigen and HBV genomic DNA in serum.

HBV infection and inhibition assays in vitro {#Sec17}
--------------------------------------------

The HepG2-hNTCP cell line and HBV (genotype D3, subtype ayw3) virus were provided by W. Li. In vitro HBV infection and inhibition assays were performed as reported^[@CR11],[@CR28]^. Briefly, 1 × 10^7^copies of genome-equivalent HBV were inoculated into the culture medium of 1 × 10^5^ HepG2-hNTCP cells in 48-well plates in the presence of anti-preS1 sera from different mice and incubated for 24 h. The cells were then washed with medium three times and maintained in primary hepatocyte maintenance medium (William's E medium (Gibco) with 5 μg ml^−1^ transferrin, 5 ng ml^−1^ sodium selenite, 3 μg ml^−1^ insulin (insulin--transferrin--sodium selenite; Corning), 2 mM [l]{.smallcaps}-glutamine, 10 ng ml^−1^ epidermal growth factor (Sigma-Aldrich), 2% dimethyl sulfoxide, 100 U ml^−1^ penicillin and 100 μg ml^−1^ streptomycin). The medium was changed every 2 days. Viral infection at different times was analysed by measuring HBsAg and HBeAg in culture medium and detecting HBV RNAs in HepG2-hNTCP cells.

Bone marrow chimaera {#Sec18}
--------------------

C57BL/6 mice were lethally irradiated with Co60 at 10 Gy. The next day, 5 × 10^6^ bone marrow cells from donor mice (CD11c-DTR mice or *Cxcr5*^−/−^ mice) were intravenously transferred. Mixed bone marrow chimaeras were generated by transplanting an equal number of 2.5 × 10^6^ WT CD45.1 and 2.5 × 10^6^ *Cxcr5*^−/−^ CD45.2 bone marrow cells. The chimaeras were given prophylactic water containing antibiotics for 4 weeks following irradiation. Then, 8--10 weeks after bone marrow transplantation, the mice could be used for subsequent operations.

DC and macrophage depletion {#Sec19}
---------------------------

For systemic DC depletion, 8--10 weeks after CD11c-DTR bone marrow transfer, the chimaeric mice were given DT (Sigma) intraperitoneally at a dose of 5 ng per g body weight 24 h before deletion efficiency detection or vaccine immunization. To maintain the depletion, DT was administered every two days.

For macrophage depletion in pLN, C57BL/6 mice were injected with 30--50 μl CLLs (FormuMax) or control liposomes (CON) f.p. 7--10 d before experimentation.

For systemic macrophage depletion, a blocking antibody to CSF1R (clone ASF98, BioXCell) was administered. 50 μg anti-CSF1R was injected via f.p. and 100 μg via intraperitoneal injection once a day for three consecutive days before experimentation.

LN digestion and flow cytometry {#Sec20}
-------------------------------

LNs were harvested and gently minced using scissors in FACS buffer (PBS containing 2% FBS). LNs were then digested with 0.5 mg ml^−1^ collagenase I (Sigma) and 0.04 mg ml^−1^ DNase I (Roche) at 37 °C for 1 h. For CXCR5 detection and in the ferritin--FITC binding assay, since CXCR5 and FITC were highly susceptible to collagenase digestion, CLSPA (Worthington) was used. LNs were digested with 100 U ml^−1^ CLSPA and 0.04 mg ml^−1^ DNase I (Roche) in 1640 medium at 37 °C for 1 h. The suspension was washed with cold FACS buffer, disaggregated by passing through a 70-μm cell strainer (Biologix Group) and centrifuged at 500 *g* for 5 min. Splenocytes were collected in the same manner, and red blood cells were removed with ammonium--chloride--potassium buffer.

For flow cytometric analysis, single cells were resuspended in an appropriate volume of FACS buffer (1--5 × 10^6^ cells per 100 μl), blocked with anti-FcγR monoclonal antibody (clone 2.4G2) to block non-specific binding, and labelled with fluorescence-conjugated antibodies. For DC and macrophage analysis, the antibodies used included anti-CD19 (6D5, BioLegend), anti-B220 (RA3--6B2, eBioscience), anti-CD11c (N418, BioLegend), anti-I-A/I-E (M5/114.15.2, BioLegend), anti-CD11b (M1/70, eBioscience), anti-SIGNR1 (22D1, eBioscience), anti-CD169 (3D6.112, BioLegend), anti-F4/80 (BM8, BioLegend) and anti-CD103 (2E7, eBioscience). For T cell and B cell activation analysis, the antibodies used included anti-Thy1.1 (HIS51, eBioscience), anti-TCR Vα2 (B20.1, eBioscience), anti-CD4 (GK1.5, BioLegend), anti-PD1 (J43, eBioscience), anti-CXCR5 (SPRCL5, eBioscience), anti-GL7 (GL-7, eBioscience), anti-FAS (Jo2, BD), anti-CD69 (H1.2F3, eBioscience), anti-CD25 (PC61.5, eBioscience), anti-CD44 (IM7, BioLegend), anti-CD62L (MEL-14, eBioscience) and anti-CD86 (GL1, eBioscience). The working concentration of the antibodies is 2.5 μg ml^−1^. For human immune cell staining, the antibodies used included Human Trustain FcX (BioLegend), anti-human CD14 (M5E2, BioLegend), anti-human HLA-DR (L243, BioLegend) and anti-human CD209 (9E9A8, BioLegend). For the T cell proliferation assay, OT-II T cells were labelled with 2 mM carboxyfluorescein succinimidyl ester (Sigma) in PBS for 10 min at 37 °C, then washed with PBS containing 10% FBS at least twice. An LSRFortessa flow cytometer (BD Biosciences) and FlowJo software (Tree Star) were used for data collection and analysis, respectively. Cell sorting was performed on a FACSAria III (BD Biosciences).

Immunofluorescence microscopy {#Sec21}
-----------------------------

For the detection of ferritin NP--eGFP or FITC-labelled ferritin NPs, LNs were harvested and fixed with periodate--lysine--paraformaldehyde fixative buffer (PLP, PBS buffer containing 2 mg ml^−1^ NaIO~4~, 0.1 M [l]{.smallcaps}-lysine (pH 7.4) and 1% (w/v) PFA) for 12 h, then dehydrated in 30% sucrose twice before embedding in optimal cutting temperature compound (Sakura) and snap frozen in liquid nitrogen. Next, 10 μm-thick cryosections were prepared. For GC and SIGNR1^+^ cell staining, LNs were embedded in optimal cutting temperature compound and snap frozen in liquid nitrogen directly. After cryosectioning, the slides were air-dried for 1 h and fixed for 10 min in cold acetone.

The cryosections were blocked for 2 h at room temperature in FACS buffer containing 1 mg ml^−1^ anti-FcγR mAb (2.4G2). The cryosections were incubated overnight at 4 °C with the following antibodies at 2.5 μg ml^−1^ working concentrations: anti-SIGNR1 (22D1, eBioscience), anti-B220 (RA3--6B2, eBioscience), anti-CD45.1 (A20, eBioscience), anti-CD45.2 (104, eBioscience) and anti-GL7 (GL-7, eBioscience). For eGFP staining, anti-full length GFP polyclonal antibody (1:1,000, Clontech) was used overnight at 4 °C. Then, the unconjugated anti-GFP antibody was detected with an AlexaFluor488-conjugated goat anti-rabbit IgG secondary antibody (1:1,000, Zsbio) at room temperature for 1 h. Images were taken on a confocal microscope (Zeiss LSM-710) and analysed with ZEN 2012 software (Carl Zeiss) and Fiji ImageJ.

Quantitative real-time PCR {#Sec22}
--------------------------

Total RNA was extracted using TRIzol (Invitrogen) according to the manufacturer's instructions. RNA was reverse transcribed into cDNA using a RevertAid First Strand cDNA synthesis kit (Life Technologies). Quantitative real-time PCR was performed using SYBR Premix Ex Taq (Takara) on an ABI QuantStudio 7 Flex real-time PCR system. The primers used for quantitative real-time PCR are as follows: Hprt (forward, 5′-TCCTCCTCAGACCGCTTTT-3′; reverse, 5′-CCTGGTTCATCATCGCTAATC-3′), Lamp1 (forward, 5′-GTGGGAGTTGCGGTATCAAC-3′; reverse, 5′-TATTCAAGCGCACTCCTTGC-3′), Lamp2 (forward, 5′-CTAGGAGCCGTTCAGTCCAA-3′; reverse, 5′-CTTGCAGGTGAATACCCCAA-3′), Lyz1 (forward, 5′-GGACTCCTCCTGCTTTCTGT-3′; reverse, 5′-TAAACACACCCAGTCAGCCA-3′), Lyz2 (forward, 5′-GGACTCCTCCTGCTTTCTGT-3′; reverse, 5′-AGTCAGTGCTTTGGTCTCCA-3′), Ctsb (forward, 5′-TCTGAAGAAGCTGTGTGGCA-3′; reverse, 5′-TTGTTCCCGTGCATCAAAGG-3′) and Ctsc (forward, 5′-CTCGGTGATGGAAGCAACAG-3′; reverse, 5′-CTGATAGCTGTGTGGCCTCT-3′). The ΔΔCt method was used to calculate relative target gene expression to Hprt. For HBV RNA detection, the primers used are as follows: HBV 3.5 kb (forward, 5′-GAGTGTGGATTCGCACTCC-3′; reverse, 5′-GAGGCGAGGGAGTTCTTCT-3′) and HBV total (forward, 5′-TCACCAGCACCATGCAAC-3′; reverse, 5′-AAGCCACCCAAGGCACAG-3′). For HBV DNA detection in serum, HBV DNA was extracted from 200 µl of serum and measured following the manufacturer's instructions (careHBV, Qiagen). The detection of HBV cccDNA was performed as reported^[@CR50]^. After total DNA isolation from liver, a combination of digestion with XmaI and SacI restriction enzymes followed by T5 exonuclease was used to degrade HBV relaxed circular DNA and all the AAV DNA. The remaining undigested HBV cccDNA allows specific detection by quantitative real-time PCR. The primers used are forward, 5′ -TGCACTTCGCTTCACCT-3′; reverse, 5′ -AGGGGCATTTGGTGGTC-3′.

Statistical analysis {#Sec23}
--------------------

All analysis was performed using GraphPad Prism statistical software. All of the data were analysed using an unpaired two-tailed *t*-test or paired two-tailed *t*-test. The results are expressed as the mean ± s.e.m. A value of *P* \< 0.05 was considered statistically significant.

Reporting Summary {#Sec24}
-----------------

Further information on research design is available in the [Nature Research Reporting Summary](#MOESM2){ref-type="media"} linked to this article.
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